Study design Prospective, cohort study. Objectives To evaluate the effectiveness of bi-level positive airway pressure (PAP) therapy and the patterns of use for sleepdisordered breathing (SDB) in individuals with spinal cord injury (SCI). Setting Academic tertiary care center, USA. Methods Overall, 91 adults with C1-T6 SCI for ≥3 months were recruited and 74 remained in the study to be evaluated for SDB and follow-up. Individuals with SDB but no nocturnal hypercapnia (NH) were prescribed auto-titrating PAP. Those with NH were prescribed PAP with volume-assured pressure support. Device downloads and overnight transcutaneous capnography were performed at 3, 6, and 12 months to quantify PAP use and effectiveness. Participants kept daily event logs, and quality of life (QOL) questionnaires were performed after 3, 6, and 12 months. Results Overall, 45% of 91 participants completed the study. There was great diversity among SCI patients in PAP utilization; after 3 months, 37.8% of participants used PAP for ≥70% nights and ≥240 min per night, whereas 42.2% seldom used PAP and 20% used PAP sporadically or for short periods. PAP therapy was effective in improving OSA in 89% and nocturnal hypercapnia in 77%. Higher PAP pressures predicted higher levels of device use. There were marked reductions in symptoms of autonomic dysreflexia (AD) and orthostatic hypotension as well as some improved indices of QOL. Conclusions Despite widely diverse patterns of use, PAP therapy may have short-term benefits with regard to QOL and reducing episodes of dizziness and autonomic dysreflexia.
Introduction
Obstructive sleep apnea (OSA) is very common in individuals with spinal cord injury (SCI), with studies almost uniformly finding a prevalence of 40-80% [1] [2] [3] [4] [5] [6] . This prevalence is remarkably high relative to the 2-9% reported for healthy participants [7, 8] . Other forms of sleepdisordered breathing (SDB) in SCI may include central sleep apnea (CSA) and nocturnal hypoventilation (NH) with an estimated prevalence of up to 60% and 28%, respectively [1, 9] . The level of motor deficit, neck circumference, abdominal girth, respiratory muscle weakness, reduced ventilatory drive during sleep, analgesics, and other sedating medications may be contribute to SDB after SCI, but they have not been shown consistently to do so [1, 2, 5] .
In the general population, OSA is associated with increased risk for myocardial infarction, stroke, congestive heart failure, and the "metabolic syndrome" (increased visceral fat, hypertension, glucose intolerance, and hyperlipidemia) [10] [11] [12] [13] [14] [15] [16] [17] . We know very little about the adverse clinical consequences of SDB in individuals with SCI [18] . Standard treatment of SDB is provided by non-invasive positive airway pressure (PAP) therapy. In 2009, the Centers for Medicare & Medicaid Services (CMS) adopted a requirement of 4 h of PAP use on 70% of nights, or 21 days in a consecutive 30-day period, to continue medical coverage [19] . Adherence with use of PAP devices is typically low in the general population, with most studies demonstrating near 50% long-term compliance, and rates rarely as high as 80% [19] [20] [21] . Factors associated with low adherence include low socioeconomic status, claustrophobia, post-traumatic stress disorder, PAP side effects such as air leakage, skin abrasion, and mask discomfort, nasal congestion, dry throat, and frequent awakenings [22] [23] [24] [25] . The mode of PAP delivery such as CPAP, auto-titrating PAP, and bi-level PAP may also influence adherence [26] [27] [28] .
There are few studies, generally based on patient reports, addressing treatment of SDB in individuals with SCI [18, 29] . A retrospective review of participants with SCI and sleep apnea found that only 43% were receiving PAP treatment and the majority of those not receiving treatment had been intolerant of PAP or had refused treatment. The most common reason cited for PAP intolerance was mask discomfort. In addition, there was a significantly lower adherence rate in patients with high-level motor complete injuries [18] . A prospective study of auto-titrating CPAP in 14 individuals with acute SCI and OSA found an adherence rate of 50% and an improvement in sleepiness over 3 months of treatment [29] . Health-related quality of life did not seem to be greatly affected by CPAP treatment [29] . It is likely that for SCI patients, sleep is often disturbed not only by SDB, but also by other factors such as nocturnal care requirements, pain, and spasticity. This raises the possibility that factors determining adherence to SDB treatment may be entirely distinct from the general population. Similarly, the complex comorbidities of the SCI patient may affect the benefits of SDB treatment.
The goals of the present study were to prospectively evaluate adherence with PAP therapy in individuals with SCI and SDB using data recorded by the PAP device, rather than relying on patients' histories or survey data. Factors that might influence adherence such as mask type, device settings, and level of SCI were assessed. In addition, we examined whether treatment of SDB may influence common comorbidities of SCI. In obstructive sleep apnea, it has been observed that SDB induces sustained elevation in catecholamine levels and is also associated with sympathetic hyperactivity with reduced response to alpha and beta Fig. 1 Flow diagram of study protocol, treatment stratification, and numbers of study participants at each time point receptor agonists, as reviewed in Bisogni et al. [30] . Accordingly, we hypothesized that treating SDB could have a positive effect on autonomic dysreflexia and orthostatic hypotension. Lastly, we sought to determine whether treatment of SDB influences quality of life indices.
Methods
Permission was provided by the University of Michigan Institutional Review Board, project HUM00051504. The study was performed between March 2012 and December 2015. Eligibility was determined by reviewing the University of Michigan SCI Model System database, which includes >90% of SCI patients in the region. Participants were eligible if ≥18 years old, with C1-T6 spinal cord injury of ≥3 months' duration, and lived within 100 miles of the study site. Exclusion criteria included: inability to provide informed consent, comorbid condition that limited life expectancy to ≤1 year, active duty military personnel, ventilator-dependence, established diagnosis of SDB or prior use of non-invasive positive pressure ventilation, except during a hospitalization ≥3 months prior to enrollment.
At enrollment, participants were provided daily event logs to record episodes with symptoms of autonomic dysfunction, respiratory infections, and episodes of mucus plugging/atelectasis to be completed for a 4-month observation period, and for 1 year after initiation of the study (Appendix Table 3 ). At the initiation of the study period (month 0), height, weight, blood pressure, waist circumference, neck circumference and body mass index (BMI) were measured, and medical records were reviewed. Participants were compensated with $50 at month 0 and every 3 months thereafter. Motor level and completeness of SCI were determined according to the International Standards for the Neurological Classification of Spinal Cord Injury [31] . At month 0, SF-12v.2, Brief Pain Inventory-SF (BPI) and Epworth Sleepiness Scale (ESS) questionnaires (Appendix Table 4 ) were administered. Quality of life questionnaires and device downloads were performed at 3, 6, and 12 months. Event logs were collected every 3 months for the year of follow-up. Figure 1 details the study protocol.
At month 0, SDB was assessed in participants' homes with a home sleep apnea test (HSAT) combined with overnight oxygen saturation (SpO 2 )/transcutaneous pCO 2 (tc-pCO 2 ) monitoring as previously described in detail [1] . The HSAT was performed with a Stardust II system Type III portable PSG system (Phillips Respironics, Murrysville, PA) incorporating an airflow sensor, pulse oximeter, and a single chest/abdominal belt to detect respiratory effort. Transcutaneous pCO 2 monitoring was performed with a SenTec Digital Monitor (SenTec, Therwil, Switzerland). On the day of testing, the study coordinator (AK) went to the participant's home with calibrated equipment and instructed participants and caregivers on proper lead placement, and starting recording at lights-out and stopping recording on awakening in the morning. The data were downloaded to the manufacturer's software and the automated analysis was reviewed and re-scored manually by a physician board certified in sleep medicine (HMS). Participants diagnosed with nocturnal hypercapnia were prescribed bi-level positive airway pressure-average volume-assured pressure support (BiPAP-AVAPS; Respironics, Murraysville, PA). Initial settings were: respiratory rate 10-12, expiratory PAP (EPAP) 6 cmH 2 O, inspiratory PAP (IPAP) minimum 12 cmH 2 O and maximum 25 cmH 2 O, target tidal volume 8 mL/kg. This device maintains the programmed EPAP and auto-titrates the IPAP to achieve the target average tidal volume; other setting adjustments were made as needed for patient comfort and effectiveness. Individuals with SDB but no hypercapnia were started on bi-level positive airway pressure-Auto (BiPAP-Auto; Respironics). Initial settings were EPAP minimum 5 cmH 2 O and maximum 9 cmH 2 O, IPAP minimum 8-12 cmH 2 O and IPAP maximum 25 cmH 2 O with further settings as needed for patient comfort and effectiveness. This device auto-titrates the EPAP to control apneic events, and the IPAP to control hypopneas. Auto-titrating devices were chosen in an attempt to achieve adequate SDB control as quickly as possible. The patient/ device interface was based on the patient's preference and effectiveness (acceptable level of leak, <25 L/min). Adherence data were obtained via device download at 3, 6, and 12 months. Overnight home SpO 2 /tc-pCO 2 monitoring was repeated at 3, 6, and 12 months. Adherence was recorded for all participants who had a PAP device available for use (nights without using the device were recorded as "zero's", if they did not accept or lost access to their PAP device, in which case they were deemed to have withdrawn from adherence monitoring). Individuals without SDB were not prescribed a PAP device but completed symptom logs and questionnaires per protocol.
We certify that all applicable institutional and government regulations concerning the ethical use of human volunteers were followed during the course of this research.
Statistical analysis
The event log data were dichotomized based on whether 1 or more events were recorded for a given subject. The observations were paired by subject and the event rates were compared using homogeneity analysis methods based on the McNemar's test. Mean quality of life questionnaire scores were compared for each follow-up interval relative to baseline. The data are paired by individual, and paired Student t-tests were used to assess for a difference in means. For analysis of factors predicting device use, either the percentage of days used or the number of minutes per night on nights of use were used as dependent variables in linear regression models. Clinical variables were assessed together, regardless of device type (BiPAP-auto vs. BiPAP/ AVAPS), as we showed previously that the presence or absence of nocturnal hypercapnia was not predicted by these factors [1] . Because BiPAP-AVAPS and BiPAP-auto titrate settings according to different algorithms, the predictive value of the device parameters (IPAP, EPAP, exhaled tidal volume (Vte) were examined separately with device type-specific models. All analyses were performed using R version 3.1 software.
Results

Clinical features and SDB
Of 252 participants contacted, 91 eligible participants agreed to participate; 75 male and 16 female participants, age 48 ± 12 years (mean ± SD, range: 20-75 years) enrolled. Participants were 17 ± 12 years post-injury (mean ± SD, range: 1-50 years). The distribution of SCI motor levels and American Spinal Injury Association (ASIA) classification are detailed in our previous publication [1] but can be summarized as follows: C1-3, 4%; C4-6, 59%; C7-8, 12%; T-level 26%. Seventy-four individuals underwent HSAT and SpO 2 /tc-pCO 2 testing. The results of these studies were presented in detail in ref. [1] . To summarize, 81% had evidence of obstructive sleep apnea (OSA; ≥10 s periods of absent nasal airflow associated with stable or increasing chest/abdominal movement). Of the abnormal studies, there were a median of 12.4 obstructive events per hour (interquartile range (IQR): 9-25.5 events per hour; range: 5.1-60 events per hour). In 50% of the studies, the OSA was mild (5-15 events per hour) and in 50% it was moderate or severe (>15 events per hour). Hypercapnea (pCO 2 ≥ 50 mmHg for >5% of the recording time) was found in 28% of the studies. In the abnormal studies, hypercapnia was present for 25% of the study time (median; IQR: 11-72; maximum 100%) and the median maximum pCO 2 was 57 mmHg (IQR: 54-61 mmHg; maximum 95 mmHg) [1] .
PAP device use
After 3 months, device downloads and SpO 2 /tc-pCO 2 results were analyzed. Both the consistency and duration of PAP therapy varied markedly, as shown in the scatter plot of % nights of device use vs. minutes per night on nights used (Fig. 2) . As a further expression of this diversity, we arbitrary defined high-level use as ≥70% nights used and ≥240 min per night, conforming with CMS adherence standards used in the US and most other insurance providers. Medium-level use was arbitrarily defined as ≥15% nights used and ≥60 min per night, but less than high-level criteria. Lastly, low-level use was defined by <15% nights used or <60 min per night. By these criteria, at month 3, 38% of participants were high-level users (87 ± 12% nights, 374 ± 115 min per night; mean ± SD), 20% were mediumlevel users (35 ± 16% nights, 144 ± 68 min per night), and 42% were low-level users (9 ± 9% nights, 85 ± 77 min per night). As shown in Fig. 2 , the medium-level users were a mixed group of participants that used PAP fairly regularly but for limited duration, as well as some who used PAP for longer durations but only sporadically. PAP use was generally consistent over time; of 17 participants with highlevel use at month 3, 12 (70.6%) continued high-level use throughout the study, whereas 5 (29.4%) high-level users later used PAP at a lower level. Two participants converted from medium-level or low-level use at month 3 to highlevel use at month 6 or 12. These later results could be skewed, however, as participants who withdrew from the study after month 3 were mostly low-level users (not shown).
After 3 months, 27 individuals were using BiPAP-Auto and 16 had an apnea-hypopnea index (AHI) of <5 events per hour. In the 11 (40.7%) with an AHI >5 events per hour at 3 months, only 3 had an obstructive apnea index of >5 events per hour. Therefore, BiPAP-Auto was effective in treating OSA in 89% of participants. There was residual central apnea in four (15%) individuals at month 3. Overall, There was only one subject that required a change in device, and that occurred in the first 3 months of treatment. BiPAPAuto did not worsen central apnea in the majority of participants, as there were only two with increased central events, and under 3 events per hour.
At 3 months, 17 individuals were using BiPAP-AVAPS for NH ± OSA/CSA. A majority 13 (77%) had improvement in the AHI, 6 (35%) with an AHI < 5. Nocturnal hypercapnea completely resolved in 8 (47%) and another 5 (29%) had some improvement, whereas 1 (6%) had worsening NH (3 did not complete testing).
Prediction of PAP device use
To determine whether there were predictors for PAP device adherence, we examined SCI motor level, severity of SDB at baseline, device type and device settings. Over the first 3 months of PAP use, the percent of days the device was used (% days used) or minutes per night (min per night) of use on days used were not predicted by the SCI level (correlation coefficient -1.2, p = 0.7), or a composite index of SDB severity (sum of obstructive, central, and hypopnea events; correlation coefficient 0.1, p = 0.8) [1] . In addition, individuals prescribed BiPAPAuto were no more or less likely to be adherent with therapy than those prescribed BiPAP-AVAPS. Mask type (nasal or nasal pillows versus nasal/oral or total face mask) also did not predict either % days used or minutes per night of PAP use.
At month 3, in individuals prescribed BiPAP-Auto, average EPAP had significant predictive value for both % days used and minutes per night (p = 0.04) and % days used (p = 0.04). For individuals prescribed BiPAP/AVAPS, average IPAP had significant predictive value for both minutes per night used (p = 0.014) and % days used (p = 0.048) ( Table 1) .
Outcomes
Daily event log completion rates were 96% at month 0 and 84% at month 3. In an intention to treat analysis, participants at 6 months reported significant reductions in the frequency of symptoms suggesting autonomic dysreflexia (flushing, piloerection, nasal congestion, headache, or sweating), p = 0.01 and orthostatic hypotension (lightheadedness or dizziness when sitting up or changing position) p = 0.01 compared to month 0 (Fig. 3) . The frequency of days with pulmonary symptoms (requiring more than usual treatments to clear secretions, or an increase in oxygen use) decreased significantly at 12 months, p = 0.04 (Fig. 3) . Unfortunately, there could be no valid comparison to the 11 participants without SDB, as they had very few of these events at baseline. Although improvements in these adverse events were not isolated to participants with highlevel use, the sizes of the cohorts with each level of use, and the frequencies of the adverse events, were insufficient to determine if any threshold level of PAP use was necessary to improve these outcomes. Larger cohorts in each user group would be necessary to describe and relationship between PAP use and effects on these outcomes. Participants were also asked to complete the SF-12v.2, Brief Pain Inventory-SF (BPI), and Epworth Sleepiness Scale (ESS) quality of life surveys at enrollment and at 3, 6, and 12 months (Appendix Table 4 ). Although the changes in QOL were modest, several were statistically significant over time ( Table 2 ). The level of PAP use could not be related to QOL outcomes, in part due to the many subject withdrawals at later time points (not shown). The 11 individuals without SDB were also asked to complete surveys per study protocol. In general, there were not significant changes in responses, with two exceptions as shown in Table 2 . Because so many participants left the study prematurely, and so many factors unrelated to PAP therapy vary widely from day to day (comorbidities, medications), this QOL analysis should be considered exploratory and future studies will be required to ascertain what benefits can be attributed specifically to PAP therapy, and the clinical contexts in which these benefits may be accrued.
Discussion
In this study, we evaluated bi-level PAP therapy for treatment of SDB in individuals with SCI. The risk of SDB after spinal cord injury is much higher than that of the ablebodied general population [1] [2] [3] [4] [5] [6] 9] . Factors such as level of motor deficit, neck circumference, abdominal girth, respiratory muscle weakness, reduced ventilatory drive during sleep, analgesics, and other sedating medications may contribute to the high prevalence [1, 2, 5] . Given that OSA is a risk factor for motor vehicle accidents, which cause a significant number of SCI in the US, selection bias is also possible [29, 32] .
We have recently shown that unsupervised, home based sleep apnea testing with transcutaneous capnography is an effective and practical approach for diagnosing SDB in individuals with SCI [1] . This study reports the treatment and follow-up of this cohort. Adherence with PAP therapy both in the general population and in individuals with SCI is low [18] [19] [20] [21] 29] . In many cases, SCI patients refuse to even trial PAP therapy because they perceive that it will further complicate their care, they are concerned that the PAP interface would limit communication with caregivers, or they are unconvinced of current and future benefit from using PAP therapy. In this study, the majority of participants diagnosed with SDB agreed to initiate PAP therapy. After 3 months, 38% used PAP at levels that would conform to CMS standards, which is similar to prior reports [19] . In addition, there were 20%, arbitrarily defined as "medium users", whose PAP use was arguably meaningful, Fig. 3 Events recorded in participant daily logs. Each graph demonstrates the n of participants recording at least one event or no events during the indicated time interval but because of either frequency or duration of use would not meet CMS criteria as "adherent" to treatment. The remaining 42% used PAP so inconsistently and sparingly that it would be difficult to characterize their treatment as clinically meaningful. This is the first study in SCI where objective data from device downloads were used to assess PAP use and effectiveness of treatment, as opposed to patient history or survey information. The severity of SDB, SCI motor level, mask type, and device type had no significant predictive value. Our data suggest that there may be differences in adherence that are a function of device-specific settings (Table 1) . In individuals prescribed BiPAP-Auto, the average EPAP was a significant predictor of device use, as a higher EPAP resulted in increased use (both % of nights of use and minutes of use per night). Further, for individuals using BiPAP/AVAPS, a higher level of IPAP correlated with increased use. This was somewhat surprising as clinicians often assume that higher pressures have a negative impact on adherence. It is possible that the higher pressure settings were, in fact, more comfortable, improved sleep quality, or provided unintended feedback to the patient that the treatment was more therapeutic. The auto-titrating algorithms were highly successful overall, so higher pressures did not select a subgroup with more effective treatment. In retrospect, we suspect that in future studies, % days used as a parameter of adherence may require somewhat different treatment than minutes per night on days of use. Many participants reported that they would discontinue PAP treatment for significant periods when they had unrelated illnesses and they often expressed the opinion that PAP was only tolerable when their clinical status was relatively stable and that minutes per night was a function of overall sleep quality, comfort, or perceived benefit. Although many important questions remain, these findings show that adherence with PAP is significantly less than suggested by patient-reported data. In subsequent studies, it may be necessary to collect detailed survey information on a daily basis to ascertain what determined the level of use for the previous night. Obtaining EEG data could also be used to further determine the effect on sleep quality in this patient population. Given the effectiveness of PAP therapy for SDB, future studies to inform how best to ensure adherence will be paramount.
Individuals with SCI have unique medical comorbidities, including symptoms of autonomic dysreflexia, orthostatic hypotension, impaired cough strength, and increased risk of pulmonary infections/pneumonia and pain. In this study, we sought to determine whether treatment of SDB has shortterm benefits toward these medical comorbidities, symptoms, and quality of life as prior studies have not addressed this issue. SDB has been associated with increased sympathetic activity, which plausibly could impact autonomic stability, specifically clinically significant blood pressure fluctuations [33, 34] . Notably, we observed substantial reductions in the frequency of autonomic dysreflexia symptoms and orthostatic dizziness at several time points (Fig. 3) . In addition, there was a delayed improvement in the frequency of days with increased pulmonary symptoms, whereas reductions in unscheduled physician visits, respiratory infections, and hospitalizations did not change significantly. This may be partly due to the relatively low frequencies of these events, compared to the symptoms of blood pressure instability, so any benefits in these areas would require a larger study. To our knowledge, this is the first evidence to suggest that SDB treatment may favorably impact AD reactions or postural dizziness in SCI patients. Our findings, although provocative, must be substantiated by further studies where larger cohorts of participants remain for the entire study protocol and outcomes can be compared to those of participants without SDB. A relationship between SDB and AD reactions or postural dizziness is entirely plausible, as SDB is associated with sympathetic hyperactivity and is a risk factor for hypertension in the general populations [33, 34] .
We administered three quality of life surveys (Table 2 ; Appendix Table 4 ). Despite the suboptimal and variable device use from night to night, several areas of improvement were suggested in quality of life on an intention-totreat basis. Although there were few patients with no SDB for comparison, our data suggest that there may be shortterm benefits to be gained from PAP use. Like the event log results, it is perhaps not surprising that some of these benefits were not consistent throughout the follow-up period, given the variations in device use, the influence of common concurrent illnesses such as urinary tract or wound infections, and frequent changes in medications. Future studies comparing such symptoms between those who are highly adherent with PAP use and those who either refuse or who have low PAP adherence would also serve to strengthen our findings.
Study limitations
A significant limitation of this study is the high rate of participants voluntarily leaving the study. The study started with 91 participants and at the end of 12 months only 37 were still enrolled. In most instances, we were able to use paired-data analyses, so the loss of participants during follow-up did not skew the results indicating short-term benefits, but the progressive reduction of the number of participants remaining in the study limited the power of the data analysis. In addition, because of the high prevalence of SDB in individuals with SCI, the control group was very small. Only 11 participants had no SDB, and 4 of these left the study after month 3. For this reason, it is difficult to attribute any possible benefits to PAP therapy, as opposed to unintended consequences of study participation or other variables. Given the very high prevalence of SDB after SCI, any future study would have to have an initial enrollment Table 4 Symptom/event log many times larger than ours to overcome these limitations. Other limitations are the widely diverse patterns of PAP use and the common confounding effects of multiple comorbidities. However, data from studies such as ours may still inform future studies to target important determinants of day to day use of PAP therapy. Until these data are obtained, we can only speculate whether current criteria for treatment adherence adequately reflect the amount of device use necessary to confer meaningful clinical benefits.
Conclusion
Positive airway pressure therapy may have short-term benefits with regard to quality of life and blood pressure stability for individuals with SCI and SDB despite widely ranging frequencies and durations of use. Although a much larger patient cohort will be necessary to determine with more precision the levels of PAP treatment necessary to confer specific clinical benefits, our data raise the possibility that conventional standards for adherence to PAP therapy may be inappropriately rigorous, and that PAP may be recommended to patients with SCI as beneficial even if they are only able to accept treatment sporadically or for shorter durations.
